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Water Transport across Maize Roots1
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Double Pressure Probe Technique
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Federal Republic of Germany

ABSTRACT

A double pressure probe technique was used to measure
simultaneously water flows and hydraulic parameters of individ-
ual cells and of excised roots of young seedlings of maize (Zea
mays L.) in osmotic experiments. By following initial flows of
water at the cell and root level and by estimating the profiles of
driving forces (water potentials) across the root, the hydraulic
conductivity of individual cell layers was evaluated. Since the
hydraulic conductivity of the cell-to-cell path was determined
separately, the hydraulic conductivity of the cell wall material
could be evaluated as well (Lpcw = 0.3 to 6.10-9 per meter per
second per megapascal). Although, for radial water flow across
the cortex and rhizodermis, the apoplasmic path was predomi-
nant, the contribution of the hydraulic conductance of the cell-to-
cell path to the overall conductance increased significantly from
the first layer of the cortex toward the inner layers from 2% to
23%. This change was mainly due to an increase of the hydraulic
conductivity of the cell membranes which was Lp = 1.9. 10' per
meter per second per megapascal in the first layer and Lp = 14
to 9. 10-7 per meter per second per megapascal in the inner
layers of the cortex. The hydraulic conductivity of entire roots
depended on whether hydrostatic or osmotic forces were used
to induce water flows. Hydrostatic Lp, was 1.2 to 2.3. 10-7 per
meter per second per megapascal and osmotic Lp, = 1.6 to 2.8.
10-8 per meter per second per megapascal. The apparent reflec-
tion coefficients of root cells (a) of nonpermeating solutes (KCI,
PEG 6000) decreased from values close to unity in the rhizoder-
mis to about 0.7 to 0.8 in the cortex. In all cases, however, a. was
significantly larger than the reflection coefficient of entire roots
(asr). For KCI and PEG 6000, v8, was 0.53 and 0.64, respectively.
The results are discussed in terms of a composite membrane
model of the root.

The modeling of water flows across roots receives great
interest, because the hydraulic resistance of the root is an
important physiological and ecological parameter. Usually, it
is thought that in the cortex the flow of water is apoplasmic
(i.e. around cells) up to the Casparian band which requires a
membrane-bound transport step across the endodermis. In
the stele and up the vessels, flow should be then again in the
apoplast. In transpiring plants, the radial flow of water across
the root will be driven by hydrostatic forces set up by the

' This work was supported by a grant from the Deutsche For-
schungsgemeinschaft, Sonderforschungsbereich 137.

tension in the vessel. However, under conditions of low or
zero transpiration, the forces will be mainly osmotic and
water flow will be coupled to the osmotic gradient set up by
the active accumulation of nutrients in the root xylem. Under
these conditions, positive pressures are built up in the xylem.
Most of the current models of water transport imply that

roots behave like osmometers, i.e. an interior (xylem) and the
medium are separated by a membrane-like structure (3, 4,
10, 12, 15, 17-20). Alternatively, more complex models have
been developed that include several barriers in the root cyl-
inder arranged in series (e.g. ref. 11) and also the longitudinal
transport in the xylem (6). Taura et aL (22) have proposed
that in such models the coupling between active uptake of
nutrients and water flow will be the governing component
even in the transpiring plant. Although the role of the endo-
dermis as a substantial barrier is not questioned in these
models, there is some debate of whether the exodermis could
be an additional barrier ofcomparable importance. The work
of Peterson (13) indicates that the exodermis could effectively
exclude hydrophilic substances from the cortex, whereas other
people (2) think that this structure is fairly permeable.
The root pressure probe has been used to work out the

water and solute permeability of roots (6, 15, 17-20). These
data have been compared with those obtained at the cell level
(by the conventional cell pressure probe; 8) to evaluate the
relative importance of pathways. For some species (barley,
bean), the results indicated a considerable cell-to-cell com-
ponent, whereas in others (maize) the apoplast seemed to be
preferred. However, the relative contribution ofpathways also
depended on the nature of the forces applied. In osmotic
experiments, the cell-to-cell path was preferred, whereas in
hydrostatic experiments the flow was predominantly in the
apoplast. The results also indicated a considerable apoplasmic
by-pass ofwater in the endodermis. In addition, for all species,
the reflection coefficients of roots (asr) (Table I) were substan-
tially lower than unity even for solutes for which cell mem-
branes exhibit a a,o 1. These findings have been interpreted
by an extended osmometer model in which the osmotic
barrier in the root is looked at as a composite membrane
system (15, 17, 18, 20).

In the earlier experiments, the measurements at the cell
and root level have been performed separately, i.e. by using
the two different types of probes on different roots. However,
it would be desirable to follow the flows simultaneously at the
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Table I. Abbreviations Used in This Paper

A cell surface area
Ar surface area of root
Ar' area of layer j of cortex
V and V, cell volume of cortical and stelar cells
V. volume of xylem
d cell diameter
/ cell length
ro radius of root
ri radius of layer j of cortex
ay, and Ycv fractional contribution of the cell-to-cell and cell wall

pathway to the total cross-sectional area
P cell turgor pressure
PO cell turgor pressure before osmotic treatment
Pmin new equilibrium cell turgor pressure in osmotic treat-

ment
Pr root pressure
k, rate constant of solute exchange
k, and k,,, rate constant of water exchange of cells and roots
T., and T,r,½ half-time of water exchange of cells and roots
Lp hydraulic conductivity of cell membrane
LpCW hydraulic conductivity of cell wall material
Li hydraulic conductivity of layerj of cortex
Lpcor hydraulic conductivity of cortex
LPr hydraulic conductivity of root
c elastic modulus of cell
Ex elastic modulus of xylem
O's reflection coefficient of cell
asr reflection coefficient of root
4Ci water potential of layer j of cortex
1m1 water potential in root medium before osmotic treat-

ment
V'P2 water potential in root medium during osmotic treat-

ment
41V water potential of cell vacuole
7ri osmotic pressure of cell
ni number of cells in layer j of cortex
'pi radial flow of water across layer j in m3. 1-
Jj density of radial flow of water across layer j in m3. m-2-

s-

nutrients in mM: K2HPO4, 0.8; (NH4)2S04, 0.8; Ca(NO3)2,
0.8; Mg(NO3)2, 1; NH4NO3, 0.5; micronutrients in ,UM: Cl-,
50; B033-, 25; Mn2+, 2; Zn2+, 2; Cu2+, 0.5; MoO42-, 0.5;
NaFeEDTA, 36 (pH 6); total osmolarity, 8-10 mOsmol]. The
light/dark regime was 12/12 h and the temperature 22/19°C.
Photosynthetic photon flux density was 300 Omol. M-2s-.
Main roots were 150 to 250 mm long with a diameter of 0.8
to 1.2 mm from which end segments of a length of 75 mm
were cut for the experiments. Average dimensions of rhizo-
dermis and cortex cells were determined from photographs of
freehand cross and longitudinal sections at distances of 40,
50, 60, and 70 mm from the root tip. Surface areas of cortical
cell layers (AJ) and ofthe root surface area (Ar) were estimated
from the diameters of the appropriate cylinders (2 r,, and 2 rj)
formed by these layers and from the length of the root
segments.

Root Pressure Probe Measurements

As shown in Figure 1, an end segment of a root was tightly
connected to a root pressure probe (17-20). The seal used to
fix the root was prepared from liquid silicone material (Xan-
topren plus from Bayer, Leverkusen, FRG). The length of the
seal was 8 mm to ensure a large area of sealing without
interrupting xylem vessels. Appropriate sealing was checked
after each experiment by cutting the root right at the seal.
Roots were inserted into a glass tube with an inner diameter
of 3 mm, through which the medium was pumped to ensure
sufficient stirring of the solution. The time for the exchange
of solution in the tube was less than 1 s which was much
smaller than the time constants of the processes observed.
The glass tube was fixed on the sample holder plate of a
stereomicroscope (Wild M 420, Switzerland). Roots were
fixed in the glass tube by small holders prepared from stainless
steel wire (0.4 mm in diameter) to avoid vibrations ofthe root

cell and root level in order to get a more detailed picture. In
the present paper, experiments ofthis type are described which
yield transient profiles of water flow and water potential in
the root as well as information about the hydraulic conduct-
ance of the apoplasmic and cell-to-cell pathways. Here, we
describe initial water flows in roots at the cell and entire root
level resulting from an osmotic treatment. A more rigorous
description of the processes, i.e. of the propagation of changes
of water potential across roots, will be given in a subsequent
paper.

MATERIALS AND METHODS

Plant Material

Maize seeds (Zea mays L. cv 'Tanker'; Sudwestdeutsche
Saatzucht, Rastatt, FRG) were germinated in the dark for 2
to 3 d at 25°C on wet filter paper. When the seminal roots of
the seedlings were 30 to 50 mm long, they were transferred
to plastic tanks (6 L) with aerated one-half Miller solution
(see ref. 6) for 8 to 11 d in a growing chamber [macro-

pressure pressure Root pressure probe
transducer chamber

Figure 1. Experimental set-up for the simultaneous measurement of
water and solute transport parameters of excised roots and of single
cortical cells. Measurements at the root level were performed using
the root pressure probe. At the level of individual cells, the cell
pressure probe was employed. Parameters could be measured by
either changing the root and cell turgor pressures (hydrostatic exper-
iments) or by changing the osmotic pressure of the medium (osmotic
experiments) and following the subsequent adjustment of water
potential in cells and in the root xylem. (For further explanation, see

text.)
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WATER FLOWS IN MAIZE ROOTS AT THE CELL AND ROOT LEVEL

caused by the flow of solution. The fixed part of the root was
viewed by the stereomicroscope (magnification x 160).

Cell Pressure Probe Measurements

A cell pressure probe was arranged at a right angle to the
root (Fig. 1) and was used to determine hydraulic parameters
(elastic modulus: e; half-time of water exchange: T½,; and
hydraulic conductivity: Lp; 8, 15, 19-21). Both pressure
probes were mounted on micromanipulators (Leitz) and were
operated simultaneously. The glass microcapillaries used in
the cell pressure probe had external diameters of 1 mm. They
were pulled on an upright puller to a diameter of about 1 tim.
They were filled with silicone oil. Prior to the experiments,
the tips of the microcapillaries were broken with the aid of
the micromanipulator under the microscope by gently touch-
ing an upright surface to yield final tip diameters of 3 to 5
jsm. No bevelling of the tips was necessary in the experiments
with maize cortical cells. Microcapillaries were marked about
100 ,m behind the tip with water-insoluble ink to estimate
the distance of the tip within the root and the cell layer
punctured by the pressure probe using the measured dimen-
sions of cortex cells (see above).

Experimental Procedure

When the root was arranged in the way described above
and the root pressure had attained a stationary level (Pro), the
root pressure probe was used to determine the hydraulic
parameters (T,rI,, Lpr) in hydrostatic experiments (17-20).
Then the microcapillary ofthe cell pressure probe was pushed
into a cortical cell. When the turgor pressure became constant,
hydraulic parameters of the cell were determined (PO, E, T(2,
Lp; 19-21). Then the bathing medium (one-half Miller solu-
tion) of the root was exchanged for the test solution (one-half
Miller solution + osmoticum), and the exosmotic relaxation
process of the root and the cell turgor pressure were measured
simultaneously. When the root and cell turgor pressure had
reached new steady levels in the presence of a test solute, the
medium was changed back to the original solution. Again,
the responses of the root and the cell turgor pressure were
recorded until water flow equilibrium was attained. Lpr was
calculated from the rate constant kr .ofthe process, i.e. Steudle
et al. (20):

krw = Ar Lpr (APr/A Vapp). (1)

kr4' is related to the half-time T,* (k,r = ln(2)/Trl2). Ar =
surface area ofthe root. APr/A Vapp is a measure ofthe elasticity
of the root pressure probe (change in root pressure (APr)
measured in response to a change in volume (A Vapp)). Cell Lp
was estimated from Equation 2:

V- ln(2) ln(2)Lp ==
A * T/2( + 7r) A * T,12(dP/dV + ir'/ V)

ln(2)
(2)

T1/2(rdl * dP/dV + 4/d . Xi)-
Here, V = ir-I - d2/4 = volume of cyclindrical cell, A = Xr* d -/
= surface area of cyclindrical cell (I >> d/2); T*1, = half time
of water exchange. e = VdP/dV = elastic modulus of cell and

dP/dV - AP/A V is the change in pressure measured in the
system per change in volume; 7r' = osmotic pressure in the
vacuole of cell; k,, = ln(2)/T%, (8, 19-21). 7ri was obtained
from the stationary cell turgor (PF) and from the osmotic
pressure of the medium (r°) at water flow equilibrium prior
to the experiment, since 7r' = P0 + ir0. This estimation of r'
assumes a reflection coefficient of unity of the solutes in the
cell and in the nutrient medium and, could, therefore, under-
estimate ri'. On the other hand, if a, < 1, a more rigorous
derivation of Equation 2 would show that a, W1r would have
to be used instead of r'. Thus, the value estimated is the
appropriate one. Both, the apparent reflection coefficient of
cells (as) and roots (LTsr) were calculated from earlier work by
Steudle and coworkers (15, 17, 18, 20):

Ap e + W'
or =-O~ exp(ks.tmin). (3)

Here, AP = PO- Pmin is the maximum change in root or cell
turgor pressure measured in response to a change of the
osmotic pressure of the medium (Air0). PO = original root or
cell turgor pressure before osmotic experiments; Pmin = min-
imum root or cell turgor pressure; e = elastic modulus of
xylem (ex) or cells (E). The factor of (E + xr)/E is correcting for
concentration changes in the xylem or cells, respectively,
induced by volume changes. The exponential term corrects
for passive solute flow (k, = rate constant of solute exchange;
tmin = time required to reach Pmin; 15, 20). For both, cells and
entire roots, this factor was assumed to be unity for the solutes
used (KCI and PEG 6000).
Changes in root and cell turgor pressure with time (t) during

osmotic shrinking or swelling were described earlier (8, 21,
23):

P = (Po- Pmin) exp (-k * t) + Pmin. (4)
k is the rate constant for water exchange for roots (krw') or for
cells (kK).

Calculation of Profiles of Initial Water Flows and of Water
Potentials Across the Root Cortex

An end segment of a root is considered which comprises a
tip part with immature xylem (about 15 mm in length; 6),
and the main part of a length of about 60 mm in which
measurements of root pressure were performed. From double
pressure probe experiments, the net flow of water from each
layer of the cortex to the medium can be estimated as well as
the efflux of water from the xylem following an increase of
the osmotic pressure of the medium. For a cell it is valid that:

dV= dVdP =VdP
dt dP dt E dt' (E V.dP/dV)

and for a root:

dVr _ dVapp dPr
dt dPr dt-

(5)

(6)

Thus, dP/dV (-AP/AV) and dP/dVapp (-APn/AVapp) are
measured with the cell and root pressure probe, respectively,
to convert changes in turgor pressure into changes in cell
volume (i.e. into rates of cell shrinking) and into a radial flow
of water across the root.
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Provided that the radial flow of water across the root is
quasi-steady at each point during the initial period of time
(i.e. during the first 10-20 s), estimates ofthe profiles ofwater
potential (#) and the water flow (t in m3 s-') can be made.
From these estimations, conclusions can be drawn about the
relative importance of the cell-to-cell and apoplasmic path-
ways for water in the cortex.

It is valid that during an osmotic treatment both, the root
protoplasts and the apoplast should shrink at any position in
the root. At least, they should not enlarge. Therefore, for any
cell layer of the cylindrical root starting with the first (rhizo-
dermal) layer (j = 0), the total initial flow of water crossing
this layer (4j(t = 0) in m3.s-') can be given, i.e.:

cIj(t = 0) = E ni

/dV\ /dV,\
+= o \dt/,=0 ( dt /,=0

where 0 S j < 9 and n > 9. In Equation 7, nine layers of
cortical cells (cell volume = V) are considered with varying
amounts of nj cells in each layer as well as stelar cells (cell
volume = V,). The last term on the right side denotes the
contribution ofthe water flow out ofthe xylem. Initial changes
of cell volumes with time (t) are directly obtained from the
measured changes in turgor, since from Equation 5:

(dV'\ dV (dP\
( dt 11=0 dP ( dt )t=° (8)

The numbers of cells in different layers (nj) are obtained from
cross and longitudinal sections of roots (see above).

In Equation 7, the contribution of the wall compartment
to the overall shrinking of the tissue has been neglected. From
the measurements of the amounts of shrinking of cells and
xylem, it can be verified that during the initial phase the
contribution of the stelar cells and of xylem to the overall
movement of water should be fairly small. Thus, it is reason-
able to also neglect these contributions and to evaluate flows
from the shrinking of the cortex only. The radial flow ofwater
per unit area of cell layer (Jj) will be:

Jj = 4jlA . (9)

Ar, = surface area of layer j. Thus, for the cortex, the profiles
of initial water flow can be also given in units of m3.* m-2 s-'.

Hydraulic Conductance of Cell-to-Cell and Apoplasmic
Pathways

Under steady conditions, the flows given in Equation 9 are
related to driving forces (differences in water potential across
the layers, /4v,') and to hydraulic conductances of the layers,
Lj.A ' (Lj = hydraulic conductivity of layerj):

L,-jLj A,'/\ti (10)

This equation assumes that, within the tissue, the driving
forces are matric or hydrostatic in nature rather than osmotic.
Otherwise, the reflection coefficients of the layers would have
to be introduced. In Equation 10, the latter parameters are

incorporated in the Lj. The hydraulic conductivity of a cell
layer (LJ) is related to the conductivities of the parallel cell-
to-cell and apoplasmic paths by:

Lpi Lpc_ jLj -= 'Yc 2 + rcw dj ' (1 1)

where -y and -y,,, are the fractional contributions of the cell-
to-cell and cell wall pathways to the total cross-sectional area
(,Yc + Ycw = 1). The factor of two in the term for the cell-to-
cell component in Equation 11 denotes the fact that the cell
membrane has to be crossed twice per cell layer. Lpcw is the
hydraulic conductivity of the cell wall material in m2 -s-'
MPa' and d the diameter of a layer.

Equation 10 was used to evaluatethe hydraulic conductivity
(Li) of cell layers. The roots were first equilibrated in the root
medium prior to a change in the water potential of the
medium (#mi). After the change, they tended to attain the
new equilibrium water potential (#,m2). During the initial
phase of this process, changes of 41 in layers deeper than the
cortex were fairly small and water flows coming from the stele
and xylem were neglected (see above and also "Discussion").
To a good approximation, the entire water potential applied
dropped across the cortex during this phase. In order to work
out the drop in water potential across individual cell layers
(A4&j), it was assumed that the water potential difference
driving the initial flow out of a cell in a certain layerj was the
difference between the water potential in the vacuole (i,v) and
the mean of the water potentials at the inner (41+) and outer
(ij_) tangential walls. Thus, the initial water flow from a cell
of this layer will be given by:

( dt ) = Lpj * Aj * (0,j i>+ + o,)\ dt/1=0 2 (12)

At t = 0, 4vj and the 41j+ of the last cortical layer will be still
at the original water potential before the change and, there-
fore, the 4,j- ofthis layer can be evaluated. Thus, by measuring
(dV/dt),=0 for layers 9 to 0 (Rh) and also knowing Lp and A,
the '/' values of the layers can be successively evaluated, and
the values of Ai,j can be calculated for all layers. This proce-
dure of successively evaluating A/1j had to be used instead of
summing up the drops across individual layers because the Lj
were not constant.

Since A4/2j, 4j, and Ari are known, the hydraulic conductiv-
ities of individual cell layers (Lj) can be also calculated (Equa-
tion 10). Furthermore, Equation 11 can be applied to evaluate
Lpc.w (hydraulic conductivity of cell wall material) and the
ratio between the hydraulic conductances of protoplasts and
apoplast across a layer (pj) by:

=Ycc Lpj- dj
i 2 * IyCH *Lp. " (13)

The hydraulic conductivity of the entire cortex (per m2 of
outer root surface area) will be:

1 9 1 r,,
Lpo= v . _
Lplor y-=o Li ri

(14)

r0= radius of root; r, = radius of layer j; ] = 0 denotes the
rhizodermis. This value of LPcor could be compared with the
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WATER FLOWS IN MAIZE ROOTS AT THE CELL AND ROOT LEVEL

Lpr measured for the entire root in hydrostatic and osmotic
root pressure relaxation experiments (see "Discussion").

RESULTS

Cell Dimensions and Cell Numbers in Maize Roots

Measurements of cell dimensions and numbers were per-
formed using root sections in a range between 40 and 70 mm
from the root apex, i.e. in a range where the cell pressure
probe was also used. In this range, the diameters of the cells
in the cortex were fairly uniform (Table II). Diameters of
rhizodermis cells were about half of that of the cortex. In the
range between 40 and 75 mm, there was a slight tendency for
the cells to become shorter toward the apex (as one would
expect), but these differences were not significant (data not
shown). Therefore, an average value was calculated for the
cell length (I in Table II). In different layers, the numbers of
cells increased from inside of the root to the surface, being 35
cells in layer 9 and 150 cells in the rhizodermis. The total
number of rhizodermis and cortex cells in the range between
40 and 75 mm from the apex was about 1.5. 105.

Water Relation Parameters and Reflection Coefficients of
Cortex Cells and of Roots

A typical experiment for the determination ofwater relation
parameters using the double pressure probe is shown in Figure
2. On the left side of the figure, hydrostatic determination of
hydraulic parameters are shown for the cell (A) and the root
(B) level. On the right side, osmotic responses are given using
KCI as the osmotic solute. In the experiment shown in the
figure, the cell was close to the root surface (rhizodermis). It
can be seen that the half time of water exchange of the cell
was much smaller than that of the root for both exosmotic
and endosmotic changes. The response in cell turgor pressure
to a change of the osmotic pressure of the medium differed
markedly from that in root pressure. This led to different

Table II. Cell Numbers and Geometry of Cortex Cells
The dimensions and numbers of cortex cells (mean ± SD) in root

segments (between 40 and 75 mm from the apex). Values are the
average of observations taken from longitudinal and cross-sections
at 40, 50, 60, and 70 mm behind the root tip. The total cell number
refers to the entire length of the segments. For each value, the
number of observations was not smaller than 20.

Cell CeIl Number of Total Number
Layer Diameter Length Cells in of Cortex

(d) Cross-section Cells

Jm
Rh 21 ± 6 147 ± 14
1 st 35 ± 8 80 ± 19
2nd 36 ± 7 73 ± 12
3rd 41 ± 9 57 ± 15
4th 45 ± 11 51 ± 5
5th 43 ± 5 150 46 49 ± 7 1.5 x 105
6th 45 ± 9 45 ± 5
7th 34 ± 6 48 ± 6
8th 36 ± 5 41 ± 4
9th 33 ± 7 34 ± 7

0C)
a-

QJ

#1)

cL

CL

oL.

0
a.

L-)

0.84-
0.80
0.76
0.72
0.68
0.64
0.60
0.56
0.52
0.48

Cell of first layer of cortex

+44mOsmot KCE
Ids =0.90

T T1W, =22 Os|| Lp= 2( 2

Lp= (1.-3-4) 107'm*s1*.MPa-1 -44m Osmol KCU
iO 40 60 80 10 120 140160 0

Time (s )
10 2O
Time (min)

Root +44mOsmol KCl d)

0.24 =Tw=T l,,=152s 3r0s56
0.20-
3. 16 -w/2=23s 1303s0. 12 1/
0. 08- Lp,.= (1.3-1.7) 10-7m.s'lMPa1l -44m Osmol KCl

Lpr = 7.1 * 10-8 m * s-1.MPa-1
0 1 2 3 4 5 0 10 20

Time (min)

Figure 2. Typical examples of simultaneous measurements at the
cell and root level (A, cell level; B, root level). First, hydraulic param-
eters (hydraulic conductivity of cell membranes [Lp] and of roots [Lpj];
half-time of water exchange of cells [T½,/] and of roots [T,r,½]) were
determined hydrostatically at both levels left parts of traces A and B.
Then, with the tip of the cell pressure probe still staying in the cell,
the osmotic pressure of the root medium was changed, and the
responses in the pressures in the cell and in the root xylem were
recorded (right side of curves of A and B). When the cell turgor and
root pressure had attained a new equilibrium level, the root medium
which contained the test solute (KCI) was changed back to the original
solution. For each run, the half-times of osmotic responses were
measured.

reflection coefficients for the cell (a, = 0.90) and for the root
(Usr = 0.56).
The half time of the response of cortex cells to osmotic

changes of the medium markedly increased with increasing
distance from the root surface. For the innermost layer of the
cortex T, was close to Tr,, (Fig. 3). This means that the rate
of the response became smaller in the same direction (i.e.
[dP/dt],=o became smaller). In the deeper layers, the differ-
ences between the layers were not as clear as at the root
surface. Therefore, the data given in Figure 3 for hydraulic
parameters of cortical cells are grouped (layers 3-4, 5-6, and
7-9, respectively). The reflection coefficients of cells of the
rhizodermis were higher than that of deeper cells, although as
> asr was valid for all layers.

Table III summarizes all results obtained at the cell and
root level by the double pressure probe technique. Part A of
the table indicates that the hydraulic properties of the cortex
cells were not homogeneous. T, decreased toward the stele.
Statistically, the slight increase from layers 5 and 6 to layers
7 to 9 was not significant. Instead of the elastic modulus of
the cell (E), the directly measured 'elasticity of the system,'
dP/dV, is given in Table III, A. This value has been used to
calculate Lp and initial water flows according to Equations 2,
5, and 8. It can be seen that dP/dV remained fairly constant.
Since dP/dV could be determined with the pressure probe
with high accuracy (see below), the variations in dP/dVshown
in the table reflect differences between cells. e values ranged
between E = 1.7 MPa for epidermal cells and e = 1.9 to 4.3
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Figure 3. Dependence of the response in cell
turgor of cortical cells to changes of the osmotic
pressure of the medium on the position of the
cells in the cortex (osmoticum: PEG 6000). For
each position (rhizodermis and layers 1, 2, 3-4,
5-6, and 7-9), responses of the entire root are
given as well. Traces are from two different roots
(first root: rhizodermis to layer 2; second root:
layers 3-4 to 7-9).
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MPa for cortical cells. Thus, e also remained fairly constant
and the changes in T1,, were due to an increase ofthe hydraulic
conductivity of the cell membrane (Lp). It has to be noted
that, in principle, the measured value of Lp should represent
the hydraulic conductivity of a pathway of water movement
from the vacuole to a background 'reservoir' somewhere in
the vicinity of the cell or protoplast. It should also incorporate
apoplasmic components. However, these components should
hardly affect the absolute value of the conductivity of the
entire barrier, since the amount of water exchanged between
protoplast and surroundings is fairly small and the hydraulic
conductivity of the wall material is high (see below and
"Discussion"). It can be seen from part A of Table III that
the hydraulic conductivity ofthe entire root (from hydrostatic
experiments) was of the same order of magnitude as the cell
Lp of the outer cell layer, but Lpr from hydrostatic experi-
ments was by a factor of 6 to 9 smaller than the Lp of layers
3 to 9.

It should be noted that the Lp values of part A of Table III
are given as mean values ± SD which have been calculated
from mean values of cell dimensions (diameter and length),
dP/dV, Ty,, and 7r' according to Equation 2 without consid-
ering the propagation of errors in the different independently
measured variables. Thus, the Gaussian law of error propa-
gation has to be applied to evaluate the total error of a single
measurement of Lp. This relation states that the error (such
as the standard deviation, SD) of an indirectly determined
parameter y (such as Lp) which is related to several directly
measured independent quantities xi [i.e. y = f(XI, X2, X3,
x,)] will be given by (e.g. ref. 9):

SDY = ± (15)

where SDy and SDJ%i are the standard errors of y and the xi
and ay/Oxi the partial derivatives of y with respect to the xi.

0.
0
0.
0O
0.
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WATER FLOWS IN MAIZE ROOTS AT THE CELL AND ROOT LEVEL

Table ll. Hydraulic Parameters and Reflection Coefficients of Root Cells and of Entire Roots
In (A), half-times of water exchange (T½,), the hydraulic conductivity (Lp), and dP/dV are given for hydrostatic experiments at the cell and root

level. In (B), half times of osmotic responses of cells of different layers are given for two different osmotica (PEG 6000 and KCI) at osmotic
concentrations ranging from 30 to 55 mOsmol (0.08-0.14 MPa osmotic pressure). The apparent reflection coefficients of part (C) refer to the
same experiments as in (B). In (B) and (C), also Tr½ and asr of entire roots are presented. All data are means of averages of individual cells or
roots (n = number of cells or roots). The numbers of observations for individual cells were in (A) 3 to 5, and in (B) and (C) about 2. For individual
entire roots, the number of observations were in (A) 3 to 5, and in (B) and (C) 4 to 16.

Cortical Layers
Entire roots

Rh 1 st 2nd 3rd-4th 5-6th 7-9th

(A) Hydraulic conductivity and elastic modulus
of cortex cells (hydrostatic exp.)

T½. (s) 6.4 ± 1.9 7.9 ± 2.5 9.7 ± 2.8 2.2 ± 1.7 1.9 ± 0.6 2.7 ± 1.0 18 ± 6
Lp-107 (m.s-1.MPa1) 3.4 ± 0.9 1.9 ± 0.6 3.5 ± 1.2 12.3 ± 7.9 14.5 ± 4.5 9.0 ± 3.4 1.6 ± 0.4
n (14) (25) (22) (20) (13) (10) (52)
dP/dV- 10-13 (MPa-m-3) 3.3 ± 0.6 3.0 ± 1.4 1.2 ± 0.3 1.0 ± 0.2 1.1 ± 0.5 1.9 ± 0.4
n (16) (25) (28) (24) (15) (1 1)

(B) Half-times of osmotic response in cortical layers (T,½) Tr% (s)
KCI 10±4 28±11 91 ±18 72±16 85±8 107±19 120±25
n (6) (12) (15) (1 1) (7) (7) (48)
PEG 6000 22 ± 7 42 ± 15 79 ± 21 76 ± 11 77 ± 14 103 ± 37 111 ± 21
n (8) (9) (10) (10) (8) (6) (50)

(C) Apparent reflection coefficients of cortical cells (us) vsr
KCI 0.96 ± 0.08 0.88 ± 0.11 0.83 ± 0.10 0.80 ± 0.10 0.81 ± 0.14 0.76 ± 0.18 0.53 ± 0.06
n (6) (12) (15) (1 1) (7) (7) (48)
PEG 6000 0.92 ± 0.11 0.78 ± 0.15 0.85 ± 0.09 0.82 ± 0.14 0.78 ± 0.16 0.81 ± 0.13 0.64 ± 0.04
n (8) (9) (10) (10) (8) (6) (50)

Equation 15 assumes that the number of determinations for
each of the independent variables is much larger than unity.
This condition was fulfilled in the experiments of this paper.
Using Equation 2 it is verified from Equation 15 that the
relative error in Lp would be given by:

/ - )jSDd2 + SD/

LP \E + ri d / E +( i I /

~22 2

SDdP/dV D7r
+

E
e SDdPA + SDTI/2 +

\E + rrdP/dV T,12 E + ri
(16)

SDLp = standard deviation of Lp. Equation 16 incorporates
errors due to all of the five independent variables (d, Q, T,2,
dP/dV, and wri) which are used to determine Lp. From Table
II, the error for the determination of the cell diameter and
length will be 20 and 31%, respectively. The standard devia-
tions in the determination of TF, and dP/dV will be 25 and
10%, respectively (data not shown in Table III), and the error
in the determination of 7r' less than 0.03 MPa. Using these
values and typical values of E and r' (e = 2 MPa and of 7ri =
0.6 MPa), the propagated error ofLp is calculated to be 37%.
Thus, the propagated error in a single measurement is similar
to the error due to the variation between cells which is given
in Table III, A. If standard errors of the mean (SEM) are

considered, the error in Lp is much smaller, because the
standard deviations of the independent variables have to be
divided by the square roots of the numbers of observations.
By an analogous procedure, we get a relative error of the
mean, i.e. SEMLp/Lp = 12.5%. It is evident from the calcula-
tion that the variation in cell dimensions (i.e. the cell surface

area) contributes most to the total error, whereas the errors
due to the measurements with the pressure probe are small
(21).

Errors in the elastic modulus (E) are similar to those in Lp,
because Lp is less dependent on cell dimensions, but in
addition depends on TF,,. With the data of this paper, we get
by error propagation a total error of 43% for the single
measurement (SD) and 11 % for the SEM. Again, the measure-
ments of cell dimensions contribute most to the overall error
whereas the measurements with the probe are fairly precise.

In the osmotic experiments (Table III, B), half times of the
responses were similar to those obtained from hydrostatic
experiments only for the rhizodermis. In all other cases, T,,
was much larger and strongly increased with increasing dis-
tance from the surface (see above). For cells in layers close to
the endodermis, TF, was similar to that of the entire root
measured with the root pressure probe (Fr '/2). Within the limits
of accuracy, there was no difference between the two different
osmotica used (KCI and PEG 6000). Individual roots could
be subjected to changes of the osmotic pressure by up to
about 10 times during the duration of the experiments which
lasted up to 12 h with a single root.
The data of reflection coefficients of cells (Table III, part

C), indicate a value close to unity for the rhizodermis for
nonpermeating solutes such as KCI and PEG 6000. There
was a decrease in a, from the rhizodermis to the first cortical
layer, but then a, was fairly constant within the cortex (F-test,
KCI; F = 1.3; PEG 6000: F = 0.9; p > 0.05). With error
propagation, the average of a, of cortex cells + SD was calcu-
lated to be a, = 0.81 ± 0.17 and 0.80 ± 0.15 for KCI and
PEG 6000, respectively. t-Tests showed that the difference of
a, between the rhizodermis and the whole cortex was signifi-
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Figure 4. Profiles of initial water potential (ij) and initial water flow
(J,) across the cortex calculated for a model root during osmotic
dehydration using data from simultaneous determinations of hydraulic
parameters at the root and cell levels (osmotica: KCI and PEG 6000).
For the calculation, a change of the osmotic pressure of the root
medium of 0.1 MPa was assumed. Values of J, represent cumulative
flows across individual cell layers in the cortex in m3- m-2. s-' evalu-
ated according Equation 7. oi values represent the water potentials
corresponding to the J, (Eq. 10). Om2 = water potential of the solution
during osmotic treatment (-0.14 MPa); t'm1 = water potential of the
original nutrient solution (-0.04 MPa); Rh = rhizodermis; En =

endodermis.

cant for both osmotica (p < 0.05). However, the decrease
from a, to a,, was significant either between the innermost
cortical layer and entire roots or between the whole cortex
and entire roots (p < 0.0005). For both, KCI and PEG 6000,
a, values were not significantly different. However, the root
asr of PEG 6000 was significantly larger than that of KCI.
This agrees with earlier findings on maize roots, where Osr of
PEG 1000 was larger than that of NaCl and KNO3 (20).

Calculation of Profiles of Water Flows and of Water
Potential Across the Root

From the initial osmotic responses (osmotica: KCI and
PEG 6000; osmotic pressure change: 0.1 MPa), the profiles
of water flow (per m2 of the surface area of the layer within
the cortex) were calculated using Equation 9 (Fig. 4). It should
be noted that the flows shown in the figure are cumulative
flows (see Equation 7). Since the initial flows [(dV/dt),=o;
Equation (8)] were fairly small for cells sitting deeper than in
the second layer ofthe cortex, the contributions from the stele
and xylem were rather small. Most of the water flowing out
of the root was from the rhizodermis and the first layer of the
cortex (70-80%). Since the half time of the response of the
rhizodermis cell was faster for KCI than for PEG 6000, the
contribution of the outermost layers to the overall flow was

larger for KCI than for PEG. The resulting profile of initial
water potential is given in Figure 4. In layers deeper than the
second, the forces driving the flows (A4v,j) were rather small,

and most of the potential dropped in the outermost layers.
For the rhizodermis and for layers 1 and 2 of the cortex, the
hydraulic conductivity of the cell wall material (Table IV) was
estimated from Equations 11 and 10 and from the profiles of
Jj and fj to be in the range of 0.3 to 6.1 * IO-' m2M2.* I- MPa-'.
However, for deeper layers, it was not possible to estimate
LpI,, as above, because the errors in the initial values of ,6
would have been relatively large. For these layers, the average

value of LpoW from Table IV (2.3. 10-9 m2 s-' MPa-') was

used for the calculation of Lj from Equation 11. With the Lj
of cortex layers and of the rhizodermis, the contribution of
the apoplasmic and cell-to-cell path to Lj were calculated from
Equations 11 and 12 (Table V). According to the cross- and
longitudinal sections of the roots (see "Materials and Meth-
ods"), a mean cross-sectional area of the apoplast of y,, =

0.03 was assumed for the cells of the rhizodermis and a -y, =

0.02 for the cortex, respectively. The figures in Table V show
that in all layers the contribution of the cell-to-cell path to
overall water flow was much smaller than that of the apo-

plasmic path. However, the contribution of the cell-to-cell
path varied considerably in the cortex (from 2-23%) because
of the increase of cell Lp toward the stele (Table V).

DISCUSSION

In the research described in this paper, simultaneous deter-
minations of water relation parameters at the root and cell
level have been realized for the first time by a double pressure

probe technique. The experiments allowed to estimate the
contribution of different pathways (cell-to-cell and apo-

plasmic) to the overall radial water flow. The determination
was only possible for osmotic experiments because of diffi-
culties in obtaining the small and transient responses in turgor
of cells when the root was experiencing changes of the hydro-
static pressure of the xylem. This is because the amounts of
water dissipated from the xylem across the root were very

small.
The model used to evaluate water flows across the cortical

layers of maize roots was based on measurements of the rates
ofthe initial shrinking of individual cells following an osmotic
treatment. These measurements are possible with the cell
pressure probe because changes of turgor pressure can be
directly converted into changes of cell volume with high
precision. The cumulative approach of calculating the flows
neglected contributions from the apoplast and from internal
parts of the roots (stele, xylem). This was justified because the
comparison of the rates of initial shrinking of these parts with

Table IV. Hydraulic Conductivity of Cell Walls, Lpc, (m2 s-1 MPa-)
Estimates of Lpcw have been calculated from Equations 11 and 10

using the data of J, and 4j from the profiles of initial water flow and
water potential of osmotic experiment (Fig. 4) and from measured
values of Lp. A mean cross-sectional area of 3% was assumed for
cell walls of the rhizodermis and 2% for those of the cortex cells.

Cortical Cell Layer

Rh 1st 2nd

Lpcw- 109 (KCI) 0.25 3.5 1.7
Lpcw-109 (PEG 6000) 0.45 6.1 1.6
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WATER FLOWS IN MAIZE ROOTS AT THE CELL AND ROOT LEVEL

Table V. Contribution of the Apoplasmic and Cell-to-Cell Path to the Overall Hydraulic Conductivities
of Different Cell Layers of the Root Cortex (Li in m s-' MPa-')

For the first three cell layers Li was calculated from values of initial water flow (J,) and potential (ti)
according to Equation 10. For deeper layers, Li was calculated from Equation 10 using a mean value of
the data of Lpc, given in Table IV. Numbers in brackets denote the percentage of the contribution of
the parallel pathways to the overall value of Li. -j,, and ycw are the fractional contributions of the cell-
to-cell and cell wall pathways to the total cross-sectional area (see Eq. 11).

Rh 1st 2nd 3-4th 5-6th 7-9th

L. 107 6.6 48.9 16.7 31.9 31 37.4
ycc * (Lpj/2) 1 07 1.6 (24%) 0.9 (2%) 1.7 (10%) 5.9 (18%) 7.0 (23%) 4.4 (12%)
_C" (Lpc"/dc;) _ 1 07 5.0 (76%) 48 (98%) 15 (90%) 26 (82%) 24 (77%) 33 (88%)

those of the cortex cells showed that the former were much
smaller. The contribution of the apoplast should be fairly
small as compared with the protoplasts (15). Thus, the values
for the initial flows calculated from dP/dt at t = 0 are lower
limits, although the contribution of internal parts may be
only a few percent (Fig. 4). The determination of flows from
the initial phase should also avoid most of the complications
resulting from the diffusion of the osmotic solutes (KCI, PEG
6000) into the apoplast which may be important during later
periods of time. The profiles calculated for the water potential
and for the initial water flow show that both decline rapidly
across the outermost layers and that during the initial period
of time most of the water lost originates from the outermost
layers. Initially, the water potential in the vacuoles (s,) of
tissue cells should still stay at the original level, and, hence,
for the cells in the outermost layers there should be a signifi-
cant water potential gradient across the cell membranes.
For technical reasons, data of the hydraulic conductivity of

the cell wall material (Lpc,,) are hardly accessible. This is so
because the apoplast ofhigher plant tissue cannot be separated
from the protoplasts to measure its hydraulic conductivity.
Thus, Lp,:,, has to be determined by difference, i.e. by meas-
uring the hydraulic conductivity of a tissue as well as that of
the cell-to-cell path (protoplasts). The latter can be done by
the conventional cell pressure probe, and the data of Lp
incorporate both the symplasmic path (via plasmodesmata)
and the transcellular (membrane-bound) path which can be
also not separated to date. In the literature, there are only a
few values of Lp,C,K which have been mainly obtained on
isolated cell walls of Nitella. They range between Lpcw = 0.5
and 1.4. 10-`0 m2s-' .MPa-' (for references see ref. 16). The
values of Lp,,,,. estimated in this paper by the initial flow
method are considerably larger than the values for Nitella and
range between 0.3 and 6. 10' m2. s-'. MPa'. The reason for
the big difference is not known, but may be an inherent
difference between algae and higher plants. Lpcw may also
depend on the species and on the type of tissue measured as
well as on the growing conditions. A much larger value of
Lp(,. than that found for the walls of young maize roots was
measured for the hypocotyl of soybean using a pressure-
perfusion technique (8. 10-8 m2's-'.MPa-'; 16). However,
this high value should have been due to the involvement of
transport via intercellular spaces which were filled with water
during perfusion.

It can be seen from Equation 12 that the ratio of p would
determine the relative contribution of water flowing either in

the apoplasmic or in the cell-to-cell path. The data given in
"Results" (Table V) show that for all layers the contribution
of the apoplasmic path was larger than that of the cell-to-cell
path due to the high value of Lpcw. However, the rates varied
because of the strong increase of Lp in the inner cell layers.
Changes of Lp of cells of root tissue in radial direction have
not yet been reported. The result is similar to that found
earlier for the midrib tissue of maize leaves where the Lp of
cells in the adaxial parts of the tissue was by an order of
magnitude smaller than in the abaxial parts close to the
peripheral vessels (23). For the leaf, this finding has been
interpreted in terms of a better supply with water of parts
further away from the vessels. Similarly, it may be possible
that, in the root cortex, the increase ofthe hydraulic resistance
of deeper layers (due to a reduction of surface area) may be
compensated by an increase of Lp. As already mentioned in
"Results", the measured Lp may also incorporate components
from the vicinity ofthe protoplasts, i.e. from the apoplast and
from adjacent protoplasts. However, these components
should hardly play a role, since the amounts of water dissi-
pated or taken up during a relaxation experiment are rather
small (21) and the hydraulic conductivity of the cell wall is
quite high. For example, using a value of Lp,CK = 0.3 to 6.
10-9 m22.s-' - MPa (Table IV) and a wall thickness of 1 ,um,
the hydraulic conductivity of the cell wall (in the same units
as Lp) would be 0.3 to 6. 10' m-s-' .MPa-'. This value is by
2 to 4 orders ofmagnitude larger than the measured Lp (Table
III). Hence, the apoplast should play no role. This could
change, if cell walls become suberised as it is found in the
endodermis, but also in cells just below the rhizodermis in
association with the formation of an exodermis (13). How-
ever, no exodermis could be detected in the young maize
roots used in the experiments after staining with a berberine-
aniline-blue fluorescent dye (1).
Another possibility which may affect the absolute value of

cell Lp calculated from T1,2 may result from anisotropic hy-
draulic properties of cortex cells, i.e. if Lp of a cell were
different in radial, tangential, and longitudinal directions.
This could be brought about by differences in the frequencies
of plasmodesmata. However, there are, at present, no indica-
tions that such an anisotropism ofLp exists, and the question
is rather speculative. Also, since the overall hydraulic conduc-
tivity of the membranes of higher plants is usually large, the
contribution of plasmodesmata should be smaller than it is
commonly thought.
The absolute value ofLp of the outer part of the cortex was
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comparable to that given previously using the same technique
for measuring Lp (20). The mean Lp measured in the inner
part of the cortex was by a factor of 5 larger than that given
previously. However, in the previous study the number of
cells measured was much smaller and no effort was made to
work out a possible dependence of Lp on the position and,
therefore, the effect could have been overlooked.
As reported in earlier papers (6, 18, 20), the hydraulic

conductivity of entire roots (Lpr) nleasured in hydrostatic and
osmotic experiments differed by a factor of 6 to 11. This has
been explained by the fact that by using an osmotic driving
force, the effective force in the apoplast should be rather
small, because the reflection coefficient of the cell wall mate-
rial should be low. Thus, in the osmotic experiments, the
overall flow should have a substantial cell-to-cell component.
This explanation does not contradict the finding of this paper
that during the osmotic dehydration of the cortex most of the
water flows around cells, because in the measurements with
the root pressure probe the loss of water from the xylem into
the medium across the entire barrier is considered. Hydro-
static gradients applied between xylem and medium cause a
rapid flow around cells due to the high Lpc,, whereas in the
osmotic experiments this is not the case, because the gradient
in the water potential (osmotic pressure) cannot propagate
fast in the apoplast. There may be also some buffering effect
due to the storage capacity of the cortex for water in the
osmotic experiment, but this effect cannot completely explain
the discrepancy, because the differences between osmotic and
hydrostatic values of Lp, have been also found under condi-
tions of steady flow (18).
As in the cortical tissue, some apoplasmic by-pass should

also occur in the endodermis as discussed previously (15, 18,
20). In the endodermis, the apoplasmic water permeability
should depend on the developmental state of the root and on
the species. For example, for roots of barley (Hordeum disti-
chon) and bean (Phaseolus coccineus) no differences between
osmotic and hydrostatic Lpr have been found (17, 19), which
may point to more tight Casparian bands. It should be noted
that a significant by-pass of water and NaCl have been also
reported for roots of cotton and rice, respectively (14, 24). In
other cases, the Casparian band seemed to be fairly tight (e.g.
ref. 7).
The low values of reflection coefficients of entire roots

found in this paper are in line with earlier findings for maize
and other species using the root pressure probe ( 17-20). They
are also in line with findings from other labs using different
techniques (5, 10). Low reflection coefficients for a composite
structure such as the root may be explained in terms of the
arrangement of different osmotic barriers in the root in series
(different cell layers) and in parallel (apoplasmic and cell-to-
cell pathways). Irreversible thermodynamics shows that the
reflection coefficients of such composite barriers should be
some kind of a weighted mean of the a values of individual
barriers which contribute to the overall value according to
their solute permeability (series arrangement) or to their hy-
draulic conductivity (parallel arrangement) (for references, see

ref. 20). In this way, low Gsr values of roots are understandable,
and a low Osr would not necessarily be correlated with a high
solute (nutrient) leakage which would not allow a proper
function of roots. Thus, the simple osmometer model of the

root predicting some kind of an ideally semipermeable en-
dodermis and a a,r 1 has to be extended into a 'composite-
membrane model of the root' (15, 17, 20).
The experiments of this paper support this view. The a,

values measured for cells sitting right at the root surface were
close to unity as one would expect for an isolated cell. How-
ever, in deeper layers, a, decreased, since the cell was sur-
rounded by membrane-like layers exhibiting a a substantially
lower than unity. The effect increased towards the xylem,
although within the limits of accuracy no changes could be
found within the cortex. The effect resembles that of unstirred
layers of increasing thickness, but is obviously different in
nature because the measured ratio of AP/zAxr0 (Eq. 3) was
substantially smaller than unity for deeper cell layers even
after waiting for solute equilibration for rather long periods
of time. Osmoregulatory effects may contribute to the appar-
ently low values of a, and asr, but it is hard to envisage how
they could completely explain the effects because water flow
equilibration is usually much more rapid than changes in
concentrations due to active flow (see computer simulation
in ref. 17).
The results of this paper show that the double pressure

probe technique seems to be an attractive tool for measuring
flows of water in tissues and for evaluating models of water
transport. The technique could be also used for tissues differ-
ent from the root. It could be also applicable for the hydro-
static type of experiments provided that stationary rather than
transient gradients can be set up. In the double pressure probe
technique, also the transient changes in turgor pressure of
cells and their dependence on the position in the tissue could
be used to evaluate the hydraulic data used to model the
radial transport of water and solutes across the root cylinder.
This type of an evaluation of the propagation of changes of
water potential in root tissue will be dealt with in a subsequent
paper (E Steudle, GL Zhu, unpublished data).
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